INTRODUCTION
The UNAIDS (Joint United Nations Programme on HIV and AIDS) estimates that more than half of all people living with HIV / AIDS are women. 1 It is estimated that, in Africa, women are twice as likely to contract HIV-1 during vaginal intercourse compared with men and are thus considered to be a vulnerable population. 1 The development of a female microbicide that provides protection against HIV-1 acquisition is a promising preventative strategy, and a recent trial of a 1 % vaginal gel formulation of Tenofovir was able to reduce the risk of HIV-1 acquisition by up to 54 % among women with high adherence. 2 However, other recent clinical trial such as the 0.5 % PRO2000 has failed to prevent HIV infection. 3 Microbicide efficacy therefore remains low and developing an effective and protective formulation is still a critical priority in the fight against HIV. Given that evidence from both HIV and Simian immunodeficiency virus infection studies suggests a more substantial impact of the virus on the mucosal immune system than its systemic counterpart, perturbation of mucosal immunity, combined with the predominance of mucosal transmission in the HIV epidemic, makes the study of mucosal immunology a critical focus in the HIV field. A better understanding of the earliest effects of HIV infection on mucosal immunity and of the potential mechanisms of natural immunity against HIV infection is required for the development of an effective preventative strategy.
Over the years, many factors have been associated with both susceptibility to, and protection from, HIV-1 infection, 4 -8 but some of the most interesting findings have emerged from the description of HIV-exposed seronegative (HESN) individuals. 9 Despite repeated exposure, these individuals show a natural resistance to HIV-1 and have been identified in various cohorts across the world. 10 -15 The study of these cohorts has led to the identification of multiple factors correlated with protection ARTICLES from HIV-1 acquisition (reviewed in ref. 16 ). The Pumwani Sex Worker Cohort in Nairobi, Kenya, includes a group of HESN women ( n = 150) who experience high mucosal exposure to HIV-1 infection but remain seronegative for > 7 years of follow-up. 10 Those women represent an extreme phenotype of the HESN individuals and are considered to be relatively resistant to HIV-1 infection. 10 Many studies have examined the immunological and genetic correlates of protection among these women and have demonstrated the presence of systemic HIV-specific T-cell responses, 17 -19 polymorphisms in the IRF1 ( interferon regulatory factor 1 ) gene, and increased mucosal levels of antiproteases. 20, 21 These factors support a model of immune quiescence among Pumwani HESNs where decreased levels of T-cell activation and host proteins required for HIV-1 replication limit available target cells. 22 A detailed understanding of how immune quiescence may be manifested at the female genital tract (FGT), however, is still lacking. Factors that affect lymphocyte trafficking to the FGT and that regulate the inflammatory state of the mucosa could be key contributors to the induction of immune quiescence at the genital mucosa.
In HIV-1 infection, expression of certain chemokines has been associated with HIV susceptibility and disease progression. In cervicovaginal lavage (CVL) samples, susceptibility to infection has been previously associated with high expression of interleukin (IL)-8, 23 whereas a high level of RANTES (regulated upon activation, normal T-cell expressed, and secreted), 24 secretory leukocyte protease inhibitor, 25 and interferon-(IFN-) 26 have been associated with protection from HIV-1 infection. Following establishment of infection, monocyte chemotactic protein-1 (MCP-1) has been shown to positively correlate with viral load. 27 Higher systemic levels of monokine induced by interferon-(MIG) and interferon--induced protein (IP)-10 have been observed in HIV-positive commercial sex workers (CSWs) from Benin compared with HIV-1-uninfected CSWs. Although the impact of chemokine expression both mucosally and systemically on HIV-1 infection and progression is clear, the pattern of expression among HESN individuals of the Pumwani cohort has not previously been described.
The aim of this study was, therefore, to examine the profile of pro-and anti-inflammatory cytokines and chemokines involved in immune activation and lymphocyte recruitment in the CVL of CSWs from the Pumwani cohort. Here, we report that HESN individuals express lower CVL levels of IL-1 and two IFN--inducible chemokines, MIG and IP-10, compared with the levels observed in HIV-1-negative CSWs ( < 3 years in cohort) and HIV-1-infected CSWs. The HIV-1-negative CSW group represents a group of HIV-1-susceptible CSWs with similar sexual risk behaviors to HESN individuals and is considered as our baseline control group. Inclusion of HIV-1-infected CSWs in this study serves to demonstrate the impact of HIV-1 infection at the mucosal surface. Our data support the existence of the immune quiescence phenotype at the genital mucosa and may suggest improved strategies for microbicide development.
RESULTS

Sociodemographic information and sexually transmitted infections among study groups
Sociodemographic and sexually transmitted infection data were collected to address confounding variables that may affect acquisition of HIV-1 and the mucosal immune response ( Table 1 ) . Because of the criteria involved in the definition of the length of follow-up required of HESN women, there are significant differences in the age and duration of sex work between the three groups ( P < 0.0001), which was controlled for during subsequent analysis. The number of reported clients per week, the number of regular partners, and condom usage were equivalent between the three groups. The prevalence of Chlamydia trachomatis and / or Neisseria gonorrhoeae infection and bacterial vaginosis was similar between groups. 
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Cytokine and chemokine expression in the CVL
No significant differences were observed between the three groups for the expression of macrophage inflammatory protein (MIP)-3 , MIP-1 , MIP-1 , interferon-inducible T-cell -chemoattractant (I-TAC), fractalkine, IFN-2, IFN-, IL-1 , IL-1r , IL-2, IL-7, IL-10, IL-15, IL-17, MCP-1 and MCP-3, the macrophage-derived chemokine, sCD40L, sIL-2R , and tumor necrosis factor-in the CVL ( Supplementary Table S1 online). The HIV-1-negative CSWs exhibited higher expression of IL-6 compared with both the HESN and HIV-1-infected CSWs (Kruskal -Wallis test, P = 0.04; post-tests nonsignificant). Notably, compared with the HIV-1-negative and HIV-1-infected groups, the HESN group exhibited lower expression of IL-1 (Kruskal -Wallis test, P = 0.04; post-test < 0.05 for both), MIG (Kruskal -Wallis test, P = 0.013; post-test < 0.05 for both), and IP-10 (Kruskal -Wallis test, P = 0.015; post-test P < 0.05 for both; Figure 1 ). Both MIG and IP-10 are IFN--inducible chemokines that bind the cellular receptor CXCR3. Although not reaching statistical significance, the expression of IL-8 trended toward being lower in the HESN group (Kruskal -Wallis test, P = 0.08).
Within the HESN group, considerable variation in chemokine / cytokine levels was evident. Although no correlation between chemokine / cytokine levels and sociodemographic / clinical factors was observed (data not shown), other factors such as the menstrual cycle, routine douching, and type of douching product used could contribute to the observed variation.
Cytokine and chemokine expression in the plasma
In general, whereas HIV immunology studies primarily focus on peripheral blood sample, previous reports have observed differences in cytokine / chemokine expression patterns between the mucosal and systemic environments, demonstrating that the observations made in the systemic compartment cannot be extrapolated to the mucosa. Leukocytes will migrate from the periphery to mucosal tissues according to a chemokine gradient, and the study of these two different compartments can give further insight into possible leukocyte trafficking. Here, the expression of the same panel of chemokines / cytokines was analyzed in matched plasma samples (where available) to characterize the mucosal / peripheral gradient as well as the difference between the two compartments ( Supplementary Table S2 online). Interestingly, the systemic patterns of differential cytokine / chemokine expression did not necessarily mirror those detected in the CVL. Although the HESN group tended to exhibit lower levels of CVL cytokines compared with the other study groups, the significant systemic differences predominately showed a higher expression of cytokines / chemokines in the HIV-1-infected group ( Figure 2 ).
When we compared the mucosal expression of the chemokines / cytokines to the corresponding systemic concentrations, we observed a different pattern of expression between the two compartments. In each group, the expressions of IL-1 , IL-1 , IL-1r , IL-6, IL-7, and IL-8 were higher in the mucosal compartment compared with the systemic compartment.
Comparatively, the expressions of I-TAC, fractalkine, macrophage-derived chemokine, sCD40L, and tumor necrosis factorwere higher in the systemic compartment compared with the mucosal compartment ( Figure 3 and Supplementary Table S3  online) .
Interestingly, significant differences in the expression gradients were also present between the three CSW groups. IL-2 and MCP-3 were higher in the systemic compartment compared with the CVL in the HIV-1-negative CSWs and HIV-1-infected CSWs but not in HESN individuals. The HIV-1-negative and HESN groups showed an elevation of IL-15 and IFN-2 in the mucosal compartment that was not observed in the HIV-1-infected CSWs. Most interestingly, the HIV-1-negative CSWs showed higher expression of MIG in the mucosal vs. systemic compartment, whereas the HESN group exhibited the opposite gradient. Furthermore, the HESN CSWs was the only group to show the presence of a gradient for IP-10, which was higher in the systemic compartment compared with the mucosal compartment ( Figure 3 and Supplementary Table S3 online).
Cervical mononuclear cell (CMC) analysis
Because lower levels of MIG and IP-10 at the mucosa might be compensated for by increased expression of CXCR3 + on lymphocytes at the FGT, we assessed CXCR3 expression on cervical mononuclear CD4 + and CD8 + T cells, as well as expression of the activation marker human leukocyte antigen (HLA)-DR ( Figure 4 ). We observed no significant difference in the relative proportions of CD4 + or CD8 + T cells between the three groups of CSWs. Despite lower levels of MIG and IP-10 in the CVL of the HESN population, there was no difference in the proportion of expression or median fluorescence intensity of CXCR3 on CD4 + or CD8 + T cells. The HESN group did trend toward lower expression of HLA-DR on CD8 + T cells (relative proportion P = 0.07, median fluorescence intensity P = 0.1).
Correlation between chemokine / cytokine and antiprotease expression at the FGT
One of the roles of chemokine / cytokine expression at the FGT is to control the state of immune activation, but other factors such as antiprotease play an important part in that control and can regulate chemokine / cytokine expression. Antiproteases function to counter inflammation, and their expression has previously been associated with HIV-1 protection in the Pumwani cohort. 28 For that reason, we examined the correlation between the chemokine / cytokine detected in this study and the expression of five mucosal antiproteases among matched CVL samples. Two major observations arose from this analysis. First, the cytokines / chemokines reduced among HESN individuals (MIG, IP-10, and IL-1 ) exhibited different patterns of correlation with antiproteases between the study groups. MIG positively correlated with cystatin A, A2ML1, and serpin B4 expression in the HESN group ( P = 0.01, P = 0.01, and P = 0.004, respectively), but not in the other study groups. IP-10 positively correlated with A2ML1 only in the HESN group ( P = 0.01).
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There was no correlation between IL-1 and antiprotease expression observed that was specific only to the HESN group ( Figure 5 , Table 2 , and Supplementary Table S4 online). Second, we observed fewer correlations overall between the antiprotease and the cytokines / chemokines in the HESN group compared with the other groups. Because of the large number of comparisons in this analysis, correlations with a more stringent P-value of < 0.005 were considered significant. The HESN group showed only two significant correlations: between serpin A3 and MCP-1 ( P = 0.0006) and between serpin A1 and IL-1 ( P = 0.0002). In the HIV-1-negative group, seven correlations were observed. In the HIV-1-infected group, Serpin A1 and A3 Figure 1 Distribution of the significant association. Cervicovaginal lavage (CVL) cytokine and chemokine levels were analyzed with Milliplex MAP multiplex and normalized with standard curves. Sample measurements below the lower detection limit were assigned a value of half the lower detection limit. CSW, commercial sex worker; HESN, HIV-1-exposed seronegative; IL, interleukin; IP-10, interferon--induced protein 10; MIG, monokine induced by interferon-. * P < 0.05.
each correlated with 6 and 10 cytokines / chemokines, respectively ( Table 2 ). Overall, fewer correlations were observed in the HESN compared with the other groups for the majority of the antiprotease tested. The only exception to this pattern is cystatin A, which did not correlate with cytokines / chemokines in the HIV-1 negative and HIV-1-infected CSWs but correlated with MIG and IL-1r in the HESN group ( P = 0.004 and P = 0.0002, respectively). Distribution of significant association observed in the plasma. Systemic cytokine and chemokine levels were analyzed with Milliplex MAP multiplex and normalized with standard curves. Sample measurements below the lower detection limit were assigned a value of half the lower detection limit. * P < 0.05; * * P < 0.01; * * * P < 0.0001. CSW, commercial sex worker; HESN, HIV-1-exposed seronegative; IL, interleukin; IP-10, interferon--induced protein 10; I-TAC, interferon-inducible T-cell -chemoattractant; MCP-1, monocyte chemotactic protein 1; MDC, macrophage-derived chemokine; MIG, monokine induced by interferon-; TNF-, tumor necrosis factor-.
DISCUSSION
A better understanding of the mucosal immunology in the FGT and the correlates of HIV-1 protection in this compartment is needed if we are to develop effective microbicides and preventive strategies. This study showed that HESN individuals from the Pumwani Commercial Sex Worker Cohort from Nairobi, Kenya, exhibit a particular chemokine / cytokine expression pattern in the FGT that does not broadly correlates with antiprotease expression and might, in part, contribute to their resistance to HIV-1 infection. We also showed, confirming previous studies, 11, 29 that the mucosal and systemic compartments demonstrate different patterns of chemokine / cytokine expression and the study of one compartment cannot predict what will be observed at the other. In this cohort, HESN have a lower genital tract expression of IL-1 , MIG, and IP-10 than HIV-1-negative or HIV-1-positive groups. These results are supported by a previous study of CSWs in Benin that showed a lower level of MIG in the CVL of HIV-1-uninfected CSWs compared with HIV-1-infected CSWs, 29 demonstrating the potential importance of this chemokine in the resistance to HIV-1 infection.
MIG and IP-10 are two chemokines belonging to the IFN--inducible family. They both bind the G-protein-coupled receptor CXCR3, which is preferentially expressed by activated (mainly T helper type 1) and memory T cells, natural killer cells, and plasmocytoid dendritic cells. 30, 31 These two chemokines play an important role in leukocyte trafficking through their ability to promote the migration of natural killer and activated and memory, but not naive T cells. 32, 33 Recent studies showed that increased levels of MIG and IP-10 mRNA in the lymph node were positively associated with disease progression, and high blood levels of IP-10 could predict rapid disease progression. 34 Furthermore, Stacey et al. 35 observed that IP-10 is one of the first chemokines to be increased in the plasma in the first days after HIV infection and remains elevated throughout infection. It is, therefore, quite striking that these two chemokines, which seem to be important in the establishment and progression of HIV infection, were lower in the CVL of the HESN group. Given their potential role in promoting disease progression, and perhaps the establishment of mucosal infection, their low levels of expression among HESN women suggests a potential role in protection from infection. It could be hypothesized that low basal levels of IP-10 and MIG fail to promote an immune environment that facilitates HIV infection by decreasing the recruitment of activated T cells at the port of entry of the virus.
Interestingly, production of both MIG and IP-10 is induced by the expression of IFN-, and polymorphisms in the IFN--regulating gene IRF1 have been associated with HIV protection in this cohort. 21, 36 Furthermore, in a cohort of HESN men who have sex with men, Hladik et al. 37 showed that those HESN men had a lack of HIV-1-specific IFN--secreting 
ARTICLES
T cells. Within the Pumwani cohort, we have also demonstrated that HIV-specific CD4 + T cells are characterized by robust proliferation but lower levels of IFN-production. 38 This study combined with those results shows the importance of the IFNpathway in the protection from HIV-1 infection.
Lower levels of IL-1 , MIG, and IP-10 at the mucosal environment may contribute to a phenotype of T-cell immune quiescence rather than of immune activation, which could result in fewer target cells available for the virus. 22 This appears to be reflected by the observation of decreased HLA-DR expression on cervical CD8 + T cells among the HESN group. Furthermore, the fact that the proportion of cells expressing the receptor for MIG and IP-10, CXCR3, was the same in the three groups despite the lower levels of the two chemokines showed that at the mucosal site this lower chemokine level is not compensated by an increase in the expression of CXCR3. Recently, Li et al. 39 showed, in monkeys, that specific inhibition of certain chemokines like MIP-3 before infection was associated with vaginal protection to Simian immunodeficiency virus challenge, raising the possibility that lower MIG / IP-10 levels among HESN individuals may have a similar outcome.
By comparing the systemic and mucosal levels of MIG and IP-10, we observed a difference in the gradient of expression between groups. We observed that in the HESN individuals the level of MIG and IP-10 was lower in the CVL than in the blood, whereas in HIV-1-negative CSWs MIG was higher in the CVL. In HIV-1-negative individuals, the gradient of chemokines is trafficking the activated T cells to the FGT, which is the port of entry of the virus. This may explain why HIV-1-negative CSWs are at an increased risk of HIV-1 infection relative to the HESN group.
Many factors can influence chemokine / cytokine expression in the FGT. Antiproteases are innate proteins that have important functions in regulating inflammation and host defense. 40, 41 Serpin A1 / A3, cystatin A / B, and A2ML1 are overexpressed among HESN in Pumwani cohort. 28 Given the fact that antiprotease can influence cytokine / chemokine expression, matched samples from the Burgener et al. 28 study were tested for cytokine / chemokine levels in this study. Not only are MIG, IP-10, and IL-1 expressed at lower levels in the HESN group, but they are also differentially correlated with antiprotease expression compared with the other groups. This suggests that these cytokines / chemokines are uniquely regulated among the HESN group, Interestingly, the only antiprotease that correlated with both MIG and IP-10 (A2ML1) also correlated with IFN-, the driver of MIG and IP-10 expression. A limitation of this study may be the P < 0.005 cutoff 
used in the proteomic analysis that may have introduced a type 1 r error (which is introduction of a false positive). However, P < 0.005 was chosen as a balance between increasing the stringency of the analysis by 10-fold and, given the discovery, nature of the study, avoiding a type 2 r error, which is missing a real finding. Together, these data suggest a model of the HESN FGT environment where antiproteases are increased and inflammatory cytokine IL-1 and chemoattractants MIG and IP-10 are decreased independently of each other. We speculate that this could result in a synergistic effect that could decrease the abundance of activated target cells for propagation of infection, thereby reducing the likelihood of HIV transmission through the mucosal barrier. Unfortunately, this study does not allow us to determine the drivers that lead to relative expression differences of MIG, IP-10, and IL-1 . Further studies are required to determine whether genetic polymorphisms, relative cell abundance, and / or cytokine production capacity contribute to the observed expression levels. The causal factors governing the relationship between antiprotease and cytokine expression are, if any, also currently unknown and require investigation.
In conclusion, in this study, we showed that HIV-1-resistant women have a distinct pattern of mucosal chemokine / cytokine expression that contributes to the immune quiescence phenotype observed in the Pumwani HESN cohort. HESN subjects showed specific mucosal characteristics (lower levels of IL-1 , MIG, and IP-10 correlated with higher level of antiproteases) that may be critical at the first lines of defense during exposure to HIV-1 infection. HESN subjects seem to have a better control of mucosal T-cell inflammation, but at the same time are able to drive an innate antiviral response and prevent the spread of the infection to the systemic compartment. These data give us new important insights into mucosal immunity in CVL sample collection . The endocervix was washed with 2 ml of sterile 1 × phosphate-buffered saline and the lavage was collected from the posterior fornix. Samples were placed into a 15 ml conical tube, centrifuged to remove cellular debris, and the supernatant stored at − 70 ° C and shipped in liquid nitrogen dry shipper to Winnipeg, Manitoba.
Plasma sample collection . Peripheral blood was collected in EDTA tubes. Plasma were frozen at − 80 ° C, and shipped by dry shipper to Canada where they were stored at − 70 ° C until used. Plasma and CVL samples were collected on the same day. When available, matched plasma, with CVL already tested, were analysed for chemokine and cytokine measurement.
Chemokine and cytokine measurement . Chemokine levels were determined using the Milliplex MAP multiplex kit (Human Cytokine / Chemokine I, II from Millipore, Billerica, MA) and analyzed on the BioPlex-200 (Bio-Rad, Mississauga, ON, Canada). CVL samples were analyzed according to the overnight protocol given by the manufacturer, whereas plasma was analyzed according to the 2-h incubation protocol given by the manufacturer. Lower detection limit was 10.6 pg ml -1 for Fractalkine, 40.6 pg ml -1 for IFN-2, 0.3 pg ml -1 for IFN-, IL-8, and IL-17, 6.4 pg ml -1 for IL-1 and MIP-1 , 0.7 pg ml -1 for IL-1 , IL-6, and IL-15, 5.5 pg ml -1 for IL-1r , 0.6 pg ml -1 for IL-2, 0.5 pg ml -1 for IL-10, 2.2 pg ml -1 for IP-10, 1.6 pg ml -1 for MCP-1, 3.7 pg ml -1 for MCP-3, 6.9 for macrophage-derived chemokine, 8.9 pg ml -1 for MIP-1 , 7.7 pg ml -1 for sIL-2R , 9.0 pg ml -1 for sCD40L, 19.4 pg ml -1 for MIG, 2.9 for MIP-3 , 0.8 for I-TAC, and 0.1 pg ml -1 for tumor necrosis factor-. Samples below the lower detection limit were assigned a value of half of the lower detection limit in pg ml -1 .
Evaluation of CMC population by flow cytometry . CMCs were collected using both a cytobrush and scraper. CMCs were obtained from 12 HIV-1-infected CSWs, 10 HIV-1-negative CSWs, and 32 HESN CSWs. Briefly, CMCs were collected from all women under speculum examination by inserting the cytobrush and the scraper into the endocervical os, rotating 360 ° , and immediately placing in 5 ml of phosphate-buffered saline. Cytobrush samples with visible blood contamination were excluded for further analysis. Samples were kept on ice and transported from the Pumwani clinic to the laboratory. Upon arrival in the laboratory, the cytobrushes and scraper were vortexed and cells were flushed out of the brush. Two washes were performed (first with 5 ml of RPMI and second with 5 ml of phosphate-buffered saline) each followed by a 10-min centrifugation. CMCs were freshly labeled with a cocktail containing the 
following mouse anti-human monoclonal antibodies: fluorescein isothiocyanate-conjugated anti-CCR5; phycoerythrin (PE) anti-CXCR3; PEcyanine (Cy)7-conjugated anti-HLA-DR; PE-Cy5-conjugated anti-CD69, allophycocyanin-conjugated anti-CD56; allophycocuanin H7 conjugated anti-CD16; Alexa fluor 700-conjugated anti-CD4; V500 anti-CD8 and V450 anti-CD3 (Becton Dickinson (BD) Biosciences, Mississauga, ON, Canada). Dead cells were identified with live-dead red (PE-Texas red; Invitrogen, Burlington, ON, Canada). Data acquisition of all events per sample was performed on a BD LSLR II apparatus (Becton Dickinson), and the analysis was done using FlowJO software (version 9.3.1; Tree Star, Ashland, OR).
Measurement of antiprotease concentrations in CVL samples . Antiproteases were quantified using a combination of enzymelinked immunosorbent assay (ELISA) and semiquantitative western blot. Western immunoblotting of A2ML1 / Serpin B4: Protein (1 g) from each CVL sample was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels (Invitrogen) and transferred to nitrocellulose membranes using the iBlot transfer system (Invitrogen). Bands were developed with Immobilon detection reagent (Millipore), and volumetric analysis performed using Quantity One software (Bio-Rad). ELISA assays of Cystatin A / B, Serpin A1 / A3: A sandwich ELISA was developed to quantify Cystatin B, and Serpin A1 / Serpin A3 were measured using commercially available human A1AT and Alpha 1-Antichymotrypsin ELISA kits (Immunology Consultants Laboratory, Newberg, OR), according to the manufacturer ' s protocol. All samples were run in duplicate and blinded to the study group of which they belonged. See Burgener et al. 28 for more detailed protocols.
Statistical analyses . Analyses were performed using GraphPad Prism (version 5.0, GraphPad Software, La Jolla, CA). The χ 2 test was used to assess the significance of the associations between categorical variable, Gaussian distribution was test by D ' agostino and Pearson ' s omnibus normality test and Shapiro -Wilk normality test. One-way analysis of variance (Kruskal -Wallis test) and Mann -Whitney U-test were used for variables that were not normally distributed between three groups and two groups, respectively. Spearman ' s rank test was used to determine correlations between continuous variables. Wilcoxon matched-pairs test was used to compare cytokine / chemokine expression in the CVL and plasma samples. For proteomics, because multiples correlations were performed, the P-value threshold for significance was reduced to P = 0.005. This value was predetermined as a balance between the need to increase stringency due to the multiple comparisons and, given the discovery approach of this study, not making a type 2 error, which is missing a real effect.
